Microstructured optical fibers (MOFs) are traditionally prepared using the stack and draw technique. In order to avoid the interfaces problems observed in chalcogenide glasses, we have developed a new casting method to prepare the chalcogenide preform. This method allows to reach optical losses around 0.4 dB/m at 1.55 µm and less than 0.05 dB/m in the mid IR. Various As 38 Se 62 chalcogenide microstructured fibers have been prepared in order to combine large non linear index of these glasses with the mode control offered by MOF structures. Small core fibers have been drawn to enhance the non linearities. In one of these, three Stokes order have been generated by Raman scattering in a suspended core MOF pumped at 1995 nm.
Introduction
Chalcogenide glasses are known for their large transparency window and their large non linear optical properties. Indeed, they can be transparent from the visible region up to the infrared, up to 12 to 15 µm, depending on their composition. Another remarkable property of chalcogenide glasses is their strong optical non linearity. The non linear refractive index of sulfur based glasses is over 100 times larger than silica one. The non linear index of selenium and tellurium based glasses can be more than 1000 times larger than silica one [1, 2] . Silica microstructured optical fibers (MOFs) were fabricated as soon as 1973 [3] while chalcogenide ones were drawn only in the last decade. The manufacturing of small core fibers (diameter smaller than 5 µm) can be of great interest to enhance the non linear optical properties for telecom applications such as signal regeneration [4] , for supercontinuum generation [5] [6] [7] and conversion to the mid infrared using Raman shifting [8] [9] [10] . Conversely power transportation and optical countermeasures in the 3-5 and the 8-12 µm windows require large effective mode area and single mode fibers can be designed to permit the propagation of high power Gaussian laser beams. Single mode fiber can be also used for spatial interferometery in the 4-12 infrared windows [11] . The first chalcogenide MOF, was made in 2000, but no light propagation was demonstrated [12] . Since then, chalcogenide MOF, with light guidance [7, 13] and small mode area [14] were obtained. The usual method to prepare MOFs is the stack and draw technique. This method comes from the silica technology [15] but optical losses of the chalcogenide MOFs produced using it were still larger than the material losses whatever the wavelength [13, 14] . In 2008, we have demonstrated that most of the optical losses were due to debased interfaces between capillaries [16] . We concluded that the stack and draw method was not well suited to fabricate low loss chalcogenide MOFs. In a recent paper, a moulding method was used to realize the preform [17] . This method permits to avoid all the capillary interfaces encountered in the stack and draw method. It reduces considerably the propagation losses. In the present study, optimized glass synthesis and thermal processing during the moulding operation lead to improved transmission compared to ones described in reference [17] . Large core and small core low loss MOFs have been prepared with the As 38 Se 62 glass composition. As an example of strong non linear effect in IR, Raman shift wavelength up to 2330nm have been demonstrated by pumping an As 38 Se 62 MOF at 1995 nm in the nanosecond regime.
Low loss chalcogenide microstructured optical fibers

Glass rod and fiber preparation
As 38 Se 62 glass rods are previously fabricated and purified with the usual sealed silica tube method [18] . The As-Se glass is purified thanks to several synthesis steps using a small amount of oxygen and hydrogen getters (Al and TeCl 4 , respectively) [19] . At first, a glass rod (40 g, 12 mm diameter) containing the oxygen and hydrogen getters was synthesized. Then, the rod is distilled twice under vacuum and finally homogenized in a rocking furnace. Afterwards, the glass rod can be moulded. The principle of the casting process is the following: once the glass rod is synthesized and purified, it is heated to become almost liquid. It must be soft enough to flow on a silica mould. The mould is entirely made of silica capillaries thread in silica hexagonal guides [17] . The silica guides are slices of a silica microstructured preform. Once the glass is on place, around the mould, the tube is quenched in air, and annealed. The silica structure is then removed, before fiber drawing, by hydrofluoric acid treatment as described in [17] . The diameter of the preform is typically of 16 mm and the size of the holes is around 600 µm.
Then, from these bulk chalcogenide preforms, fibers are drawn in specific drawing tower under controlled atmosphere (He). Typically the diameter of the fibers can vary from 300 µm to 100 µm. During the drawing step, the hole diameters are adjusted by applying a positive pressure in the preform holes. The moulding method permits to obtain various geometries. Indeed, the fibers can have 3 rings of holes, or a suspended core (Fig. 1 ). The core size can be controlled, and it is possible to obtain very small core with a diameter smaller than 5 µm, to exacerbate the non linear properties of the chalcogenide glass. Power delivery can also be considered with large core fibers (up to 10 µm diameter). The geometries of the fibers are given in Table 1 (the size of the inscribed circle in the core will be regarded as the core diameter of the MOF). 
Optical attenuation
The Fig. 2 shows the attenuation curve of an optimized large core As 38 Se 62 fiber (MOF 1, 6 hole MOF). The attenuation has been measured twice with a 13 meter long fiber and a 12.5 m fiber by the cut back method. The losses have been measured on two FTIR apparatus, a Bruker Tensor 37 with an MCT cooled detector has been used in the 1.4-10 µm range and a Thermo-Nicolet 5700 with a InSb cooled detector in the 1-5 µm range. The light from the black body of the FTIR is injected in the core of the fiber. But, the injection spot size of the two FTIR is about 1 mm 2 , so the modes embedded in the clad are removed by GaSn alloy applied on the external surface of the fiber. Camera imaging showed that light is guided only in the core of the MOF. The losses reach 0.4 dB/m at 1.55 µm and the minimum of attenuation can reach 0.01 dB/m. The same results were obtained on the two different FTIR. However, the fiber under test is not long enough to reach the measurement so accurate. So if we considered the length of the studied fiber, the minimum of losses is between 0.05 and 0.01 dB/m at 3.7 µm. The molding processing combined with a high purity glass synthesis allows to get one of the best attenuation never obtained in chalcogenide glasses [20, 21] and more particularly the best result obtained in a chalcogenide MOF. For comparison, the best attenuation value for a chalcogenide fiber was measured on step index As-S fiber near 0.012 dB/m (at 2.3 µm) [21] .
The presence of absorption band at 2.3, 2.9 and 6.2 µm shows a small level of water pollution. Another absorption peak at 4.3 µm shows the presence of a small level of Se-H pollution. To investigate more particularly the role of the moulding process on the optical losses, one rod has been divided in two parts. A first part was directly drawn and the second part was moulded and finally drawn as a 6 hole MOF. The comparison of the attenuation curves (data not shown), before and after the moulding process, has not shown any strong modification during the shaping of the preform. Indeed, in the 1-5µm window, the losses of the core MOF are less than 10% larger than the rod losses. Furthermore, all the absorption bands observed on the MOF was already observed in the material. For longer wavelengths, a discrepancy appears between the MOF transmission and the materials one, probably due to a small oxidation of the melt during the moulding. Figure 2 also gives the attenuation curve of the MOF 2. Due to the size of the core, there is not enough light power injected in the fiber and detected on the 1.4-10 µm FTIR. So, the measurement of the optical losses has only been performed in the 1-5 µm window (Fig. 2 , green curve). The high level of noise on the curve is explained by the low signal injected in the core and recorded by the detector of the FTIR. For MOF 3, the core of the fiber was too small for using any FTIR. The attenuation can be only measured at 1.55 µm with a fiber laser source. The light was injected in the core of the MOF with a high numerical aperture fiber and was detected with a Silicon photo detector. The value at 1995nm is estimated by extrapolation. Table 2 summarizes the attenuation values at 1550 nm, 1995 nm and 3700 nm for the three fibers studied. 1995 nm is the Raman pump wavelength used later in this work and at 3700 µm is the minimum attenuation wavelength of our fibers. 
Guiding regime
For various applications, signal regeneration in telecommunication, interferometry, generation of supercontinuum or other non linear phenomena, single mode propagation is required or preferred. In our glassy system, different designs of fibers have been fabricated to obtain single mode guiding. In MOF, the fiber is considered as a single mode fiber when the 2nd mode is not confined in the core of fiber or if the losses of the second mode are much larger than the losses of the fundamental mode [22] . Figure 4 shows the near field imaging of different fibers recorded at 1.55 µm. Despite their different geometries and core sizes the three MOFs are theoretically multimode fibers in mid IR. If no precaution is taken during the injection, several modes can be observed at the output of the fiber (data not shown).
Nevertheless, under optimized injection conditions only the fundamental mode can be exited in MOF 2 and 3 (Fig. 3 ). This phenomenon between the observed propagation regime and the theoretical one has been already observed and explained in chalcogenide MOFs [6, 14, 23] .On the contrary, for the MOF 1 (large core, 6 hole MOF), no single mode propagation can be obtained, whatever the injection conditions ( Fig. 3) . So, limited single mode propagation can be only obtained and observed in MOF 2 and 3. Fig. 3 . Near field imaging at 1.55 µm for the three MOFs
Raman scattering
Raman scattering set-up
A diagram of the experimental set-up is illustrated in Fig. 4 . A thulium fiber laser is gain switched using a 1550 nm pulsed fiber laser [24] . The 2 µm pulses are butt-coupled into the fiber under test. Mode adaptation is performed using a piece of high NA fiber. The fiber under test was cleaved using a blade. The output light is collected using a 100µm diameter multimode fiber into an optical spectrum analyzer. Coupling efficiency can reach 60% for MOF 2 but is limited to around 12% for the small core MOF 3. Cladding modes were removed using Indium Gallium alloy deposited along the fiber. The laser spectrum has a peak at 1995 nm with 2 nm full width at half maximum (Fig. 4 ). There is no evidence of non-linear broadening. Peak power up to 1 kW can be obtained. 
Cascaded Raman wavelength shift
In MOF 1, whatever the injection condition and the peak power no Raman shift was observed. Despite the low attenuation of the fiber, the large size of the core and the multi mode regime of propagation did not permit to observe any non linear effects.
Injection in a 6 m long piece of MOF 2 showed a Raman peak when the peak power reaches ~10 W (see Fig. 5 ). This wavelength shif corresponds to 243 cm −1 in good agreement with values reported earlier [8] [9] [10] . The fiber gets damaged for incident peak power around 200 W. Assuming that the incident beam size equals the mode size of the injection fiber i.e. 60 µm 2 , this corresponds to a damage threshold of ~300 MW/cm 2 .
(3) (4) (5) Cascaded Raman scattering is observed during injection of a 4.5 m long piece of MOF 3. When the pulse peak power is increased a peak appears around 2092nm for peak power around 0.8 W. Increasing peak power up to 4 W leads to generation of up to three peaks (Fig.  6 ). This is consistent with observation of cascaded Raman scatterings up to three orders due to the fiber normal dispersion at 1995nm. Figure 6 also illustrates the spectrum evolution for increasing peak powers. The second Stokes order appears at 2205 nm and third Stokes order appears at 2330 nm. The higher orders are broadened due to the Raman gain width. The second order and third order Stokes reach threshold for about 2 W and 4 W peak power respectively.
The fiber input cleave gets damaged for incident peak power reaching 130 W (corresponding to ~10 W injected peak power). Assuming that the incident beam size equals the mode effective area of the injection fiber i.e. 20 µm 2 , this corresponds to a damage threshold of ~650 MW/cm 2 . Injection of 2 µm nanosecond pulses into the As-Se fibers in the normally dispersive regime leads to Raman scattering as modulation instability is prevented by dispersion and self-phase modulation is negligible for long pulses. The cascaded Raman scattering occurring in MOF 3 at very low power indicates that the suspended core structure considerably enhances the fiber non-linearity while enabling low losses leading to efficient Raman conversion. Three Stokes orders have been observed for pulses with only 4W peak power. Presence of higher orders is currently under investigation however the mechanism will be quickly limited by fiber damages. We estimate the critical intensity for our fiber to be around 650 MW/cm 2 . This value is lower but in the same order of magnitude than 1 GW/cm 2 usually stated [8] .
As As-Se fibers with 3 µm suspended core are still normally dispersive, further core size reduction must be realized to lower the zero dispersion wavelength around 2 µm to generate a supercontinuum with the thulium laser source. This core size reduction should also improve the single mode behaviour of the planned As-Se MOF.
Conclusion
A new method using a silica mould has been investigated to manufacture chalcogenide microstructured optical fibers. This casting method allows the fabrication of chalcogenide MOF with losses close to the material ones. The combination of high purity synthesis with the moulding method permits to obtained losses smaller than 50 dB/km around 3.7 µm in a multimode fiber. Third order Raman scattering has been demonstrated at 2330 nm using a 1995 nm pump in a suspended core fiber. Even for the smallest core MOF, the pump is in the normal dispersion regime. The future studies will be devoted to smaller core MOFs, in tapered fibers for example, that can permit to pump near the zero dispersion wavelength. In the present study, the pulse duration was in the nanosecond regime that leads mainly to Raman effects. Investigations for shorter duration pulse are also carried out to reach larger spectral broadening in mid infrared.
